However, the size and direction of the current induced effective field seems to vary depending on the system and the underlying mechanism of such field generation is not well understood. For example, the effective field in Pt|Co|AlOx is reported to be ~3000 to ~10000 Oe for a current density of 10 8 A/cm 2 , pointing perpendicular to both the film normal and the current flow direction (defined as a transverse field hereafter) 4,13 . More recently, in the same system, signs of current induced effective field directed along the current flow, i.e. Here we show a systematic study of the current induced effective field in Ta|CoFeB|MgO.
Spin orbit coupling plays an important role in ultrathin magnetic heterostructures. It has been reported that the Rashba effect 5 , present in systems with large spin orbit coupling and structure inversion asymmetry, can generate significant amount of current induced effective magnetic field 6-9 which, for example, enables fast domain wall motion in ultrathin Co layer sandwiched by Pt and AlO X 4 . Similarly, spin orbit coupling in heavy metals can generate spin current via the spin Hall effect 10 , which can also develop effective field in its neighboring magnetic layer [11] [12] . Using the giant spin Hall effect of Ta, power efficient magnetization switching of the adjacent CoFeB layer has been demonstrated 3 .
However, the size and direction of the current induced effective field seems to vary depending on the system and the underlying mechanism of such field generation is not well understood. For example, the effective field in Pt|Co|AlOx is reported to be ~3000 to ~10000 Oe for a current density of 10 8 A/cm 2 , pointing perpendicular to both the film normal and the current flow direction (defined as a transverse field hereafter) 4,13 . More recently, in the same system, signs of current induced effective field directed along the current flow, i.e.
the "longitudinal field", have been observed 14 . This longitudinal field has been associated with either the combination of the Rashba effect and spin accumulation 15 or the spin Hall effect from the Pt layer [16] [17] [18] [19] . Similarly, in Ta|CoFeB|MgO, it has been reported that a giant spin Hall effect in Ta, although its sign is opposite to that of Pt, generates the longitudinal effective field 3 . In Ta|CoFeB|MgO, however, contradictory results have been reported for the transverse effective field; on one hand, transverse field of ~1900 Oe at 10 8 A/cm 2 was observed 20 with its direction opposite to that of Pt|Co|AlO X , whereas on the other, no indication of such field was found 3 . Given the broad interest of Ta|CoFeB|MgO heterostructures for possible applications including random access memories [21] [22] and domain wall based devices 23 , it is essential to reveal the underlying physics of current induced effects.
Here we show a systematic study of the current induced effective field in Ta|CoFeB|MgO.
We use a low current excitation technique to quantitatively evaluate the size and direction of the effective field. We find that the size and even the sign of the transverse and longitudinal effective fields vary as the Ta layer thickness is changed, suggesting competing contributions from two distinct sources. We find that the transverse effective field is larger than the longitudinal field, by nearly a factor of three, when the Ta layer thickness is large. In contrast, the relative size of the two components shows somewhat an oscillatory dependence on the Ta thickness for films with thin Ta. assume that this has little effect on the evaluation of the current induced effective fields since we limit the applied field smaller than the magnetization switching field.
Schematic illustration of the experimental set up and definition of the coordinate system are shown in Fig 1(a) . The width and length of typical wires measured are 10 m and 60 m, respectively. We measure wires with different width, ranging from 5 m to 30 m, and find little dependence on the width for most of the parameters shown here. Positive current is defined as current flowing along the +y direction in Fig 1(a) . Current is fed into the wire and the Hall voltage is measured in all experiments. Using the Extraordinary Hall Effect (EHE), we study the magnetic and transport characteristics of each device. The coercivity of the wire is plotted in Fig. 1 . Note that we do not find any systematic dependence of H C on the wire width. Overall, the coercivity tends to increase as the Ta thickness is reduced or the CoFeB thickness is increased. This is in accordance with the thickness dependence of the perpendicular magnetic anisotropy, that is, the higher the anisotropy, the higher the H C .
The current induced effective field is measured using a low current excitation lock-in The corresponding field dependence of the first harmonic signal V  shows similar structure for all four cases (see supplementary material S2). However the second harmonic signal V 2 depends on the applied field direction as well as the film structure. For longitudinal field, the slopes of V 2 versus the field are the same for both magnetic states pointing along +z or -z, whereas their sign reverse for the transverse field. Interestingly, the sign of the slope changes for both longitudinal and transverse applied fields when the Ta thickness is varied from the thin limit to the thicker side. Since the curvature of
hardly changes for each condition, these results indicate that the effective field changes depending on the applied field direction as well as the film structure.
We plot H T , deduced from Eq. (1) positive when the Ta thickness is ~0.6 nm, which is why we find a negative R (color coded by purple).
Our results can be understood under the framework developed by Manchon et al 6, 12 .
According to their calculations, the effective field can be described by combination of two independent effects, the spin Hall spin torque 3,11-12 and the Rashba spin-orbit torque 6-9 . For both transverse and longitudinal fields, the spin Hall spin torque increases with the Ta layer thickness in the form that is proportional to 1-sech(d Ta / thickness is required to generate non-zero effective field. If we assume the source of the effective field for films with thick Ta underlayer is due to the spin Hall spin torque, then the presence of such threshold thickness may be due to a non-transparent Ta|CoFeB interface for passing spin currents across, or something more intrinsic related to the generation of the spin Hall current in Ta.
As shown in Fig. 5(a) , the transverse effective field is nearly three times larger than the longitudinal component for the thick Ta regime, i.e. R~0.3. This implies that, if the effective field is due to the spin Hall current from the Ta layer, the injected spin current exert torque on the CoFeB layer in a way similar to the "field-like torque" proposed in magnetic tunnel junctions [27] [28] [29] . However, it is not clear what determines the ratio R between the transverse and longitudinal components for the spin Hall spin torque. For the Rashba spin orbit field, it has been reported 7 recently that the ratio should be given by the non-adiabatic spin torque term, typically represented by . As shown in Fig. 5(a 
The EHE (Hall) resistance can be expressed using the magnetization tilt angle as
where R XY corresponds to the difference in the EHE resistance between the two magnetization states pointing along +z and -z. Substituting Eq. (S1.4) into (S1.5) and
Here the plus/minus sign represents the magnetization direction pointing along +z and -z, respectively. The Hall voltage, which is measured using the lock-in amplifier, is V XY =R XY ·I.
Substituting Eqs. (S1.3) and (S1.6) into V XY and using the trigonometric identities, we obtain the following formula 2 sin cos 2
Here V DC represents terms that do not depend on . The in-phase first harmonic V  and the out of phase second harmonic V 2 voltages are expressed as
Depending on the applied field direction, we substitute φ=0 for the in-plane transverse field and φ=90 for the longitudinal field. To obtain Eq. (1) in the main text, one needs to take the second derivative of Eq. (S1.8a) and the first derivative of Eq. (S1.8b) with respect to the external field and take their ratio.
S2. Harmonic voltage measurements
The in-phase first harmonic Hall voltage signals, measured simultaneously with the out of phase second harmonic signals shown in Fig. 2 , are shown in Fig. S1 . The maximum magnetization tilt angle estimated from the first harmonic Hall voltage signal is, for example, ~12.6 deg (~0.23 rad) for the data shown in Fig. S1(a) . This value is within the limit of the approximation used (θ<<1) to deduce Eq. (1). The small offset voltage in the second harmonic signals shown in Fig. 2 could be related to the small harmonic distortion of the signal generator (0.001 % total harmonic distortion). This type of offset voltage is not dependent on the applied in-plane magnetic field and thus should not affect the effective field evaluation.
S3. Resistance versus the wedge thickness
The thickness dependence of the wire resistance, measured using the four point probe method, is shown in Fig. S2 for the Ta (S2(a)) and the CoFeB (S2(b)) wedge films. The wire resistance R XX is multiplied by the wire width (w: 10 m) and divided by the length between the two voltage probes (L: 20 m) to obtain a normalized resistance R XX w/L. The slope of 1/(R XX w/L) versus the wedge layer thickness gives the resistivity of the thickness varying film. We obtain ~246 ·cm for the Ta layer and ~140 ·cm for the CoFeB layer. 
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